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Oxidant stress following renal ischemia: Changes in the glutathione
redox ratio. Pretreatment of animals with certain antioxidant enzymes
and substances decreases renal damage following ischemia and reperfu-
sion. The hypothesis that reoxygenation imposes an oxidant stress has
been used to explain this. The present study has directly assessed
oxidant stress under these conditions by measuring the glutathione
redox ratio (IGSSG/(GSH + GSSG)} x 100) in freeze-clamped kidney.
The glutathione peroxidase system plays a role in removing peroxides
which result from oxidant stress, generating GSSG from GSH in the
process. The selenium-dependent glutathione peroxidase can metabo-
lize H202 and other hydroperoxides. A non-selenium-dependent gluta-
thione peroxidase activity is present and can metabolize organic hydro-
peroxides, but it cannot metabolize H202. Under anesthesia, the left
renal artery was occluded for 40 minutes and then reflow was allowed.
Kidneys were freeze clamped before reflow and after 5, 10, and 15
minutes of reflow. The contralateral kidney was freeze clamped and
used as a control. The control value for the glutathione redox ratio was
1.09 0.05. This fell during ischemia to 0.67 0.22 and increased
significantly to 1.66 0.29 after five minutes of reperfusion. By 15
minutes it had returned to 1.09 0.22. Treatment of rats with diquat,
which causes a severe oxidant stress, raised the glutathione redox ratio
from 0.88 0.12 to 1.89 0.15. Thus, reperfusion was concluded to
cause a large but transient oxidant stress. Selenium-deficient rats were
used to examine the nature of the oxidant stress. Activity of the
selenoenzyme glutathione peroxidase was depressed to 2% of control in
the kidneys of these rats. Reperfusion raised the glutathione redox ratio
from 0.79 0.09 to 1.17 0.30. This was a smaller increase than
occurred in the selenium-replete kidneys. These results suggest that
H202 was largely responsible for GSSG formation in selenium-replete
kidneys. Malondialdehyde was measured, and no increase was detected
in selenium-replete kidneys, suggesting that little lipid peroxidation
occurred as a result of the oxidant stress. The results of this study
provide direct evidence for an oxidant stress during reperfusion of the
kidney after ischemia and indicate that H202 was produced.
Tissue ischemia followed by reperfusion with oxygenated
blood occurs in a number of clinical situations ranging from
shock to organ transplantation. A hypothesis has been pre-
sented that such reoxygenation causes an oxidant stress which
contributes to tissue injury [1]. Support for this hypothesis has
come from experiments carried out in kidney [2], heart [3],
intestine [4], and brain [5]. Many of these experiments have
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shown that tissue injury can be lessened by treatment with
antioxidant enzymes such as superoxide dismutase and cata-
lase, or by administration of allopurinol which presumably
blocks 02 production by xanthine oxidase. While the weight of
evidence in these studies is convincing that ischemia and
reperfusion can produce an oxidant stress that leads to tissue
injury, the studies are indirect in nature, showing a protection
by antioxidants rather than demonstrating directly the occur-
rence of an oxidant stress. Moreover, indirect methods cannot
assess the magnitude of oxidant stress.
Glutathione-dependent mechanisms in the cell constitute
important defenses against oxidant stress. Figure 1 shows the
destruction of H202 and lipid hydroperoxides by glutathione
peroxidase. In this reaction GSH is oxidized to GSSG which is
then reduced back to GSH by glutathione reductase utilizing
NADPH. Two types of glutathione peroxidase are present in
the kidney [6]. One is a selenoenzyme which can destroy both
H202 and lipid hydroperoxides. The other is a non-selenium-
dependent glutathione peroxidase activity which is due to
several of the glutathione S-transferase isoenzymes and which
is not active with H202 as a substrate [7]. The glutathione redox
ratio, [GSSG/(GSH + GSSG)I x 100, can be used to assess the
magnitude of an oxidant stress. Decrease of glutathione perox-
idase activity by induction of selenium deficiency and inhibition
of glutathione reductase by drug treatment are perturbations
which can be used to learn more about the oxidant stress.
These studies employ the glutathione redox ratio to examine
reperfusion oxidant stress in the kidney. A well-characterized
model of renal ischemia and reperfusion was used [8]. Analyses
were carried out on rat kidneys which had been freeze-clamped
at liquid nitrogen temperature to preserve the in vivo gluta-
thione redox ratio.
Methods
Animals
Weanling male Sprague-Dawley rats (Harlan Sprague-Dawley,
Houston, Texas, USA) were fed a torula yeast-based diet for 8
to 12 weeks. The basal diet contained 100 1.U. of vitamin E per
kg but was selenium deficient [9]. The contro' diet was identical
to the selenium-deficient diet except 0.5 mg of selenium per kg
was added as sodium selenite or sodium selenate. Rats weighed
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Fig. 1. Scheme of H202 and lipid hydroperoxide destruction by gluta-
thione peroxidase.
350 to 450 g when studied and were allowed free access to food
and water.
Protocols
Rats were anesthetized with 50 mg pentobarbital per kg given
intraperitoneally. A midline abdominal incision was made and
the left renal artery was isolated and occluded with a vascular
clamp for 40 minutes. Complete renal artery occlusion was
verified by observing that the entire kidney blanched. Following
renal artery occlusion, the clamp was removed and reperfusion
of the kidney with blood was allowed. Kidneys were harvested
with no reflow or with 5, 10, or 15 minutes of reflow. The kidney
was rapidly excised, stripped of fat, and clamped in aluminum
tongs at liquid nitrogen temperature. The contralateral kidney,
which had not had renal artery occlusion, was harvested in a
similar manner.
A weighed portion of freeze-clamped kidney was dried at
80°C under reduced pressure for 72 hours and reweighed. The
ratio of wet to dry weight was used to express the glutathione
and malondialdehyde data on a dry weight basis.
The studies done with BCNU [N,N-bis(2-chloroethyl)-N-
nitrosourea] and diquat (1,1'-ethylene-2,2'-dipyridylium dibro-
mide) were carried out with rats fed the control diet. BCNU
was dissolved in corn oil (80 mg/mI) and injected intraperitone-
ally at a dose of 80 mg per kg. Eighteen hours later the animals
were given 27 mg of diquat dibromide (27mg/mI of 0.9% NaCI)
per kg intraperitoneally. Thirty minutes after diquat administra-
tion the rats were anesthetized with pentobarbital (50 mg/kg
intraperitoneally) and the left kidney was freeze clamped at 40
minutes after diquat injection. Animals not receiving the drugs
received vehicle in each case.
Assays
Glutathione was measured by the recirculating assay [10].
The sensitivity of this assay is approximately 0.5 nmol GSH or
0.25 nmol GSSG. All glutathione data are expressed as nmol
GSH equivalents per g dry weight. GSSG was determined by
the recirculating assay after derivatization of GSH with N-
ethylmaleimide (NEM) by a modification of the procedure
described by Akerboom, Bilzer and Sies [11]. Freeze-clamped
kidney was crushed to a fine powder at liquid nitrogen temper-
ature. A tube containing 4 ml of argon-purged 10% trichloro-
acetic acid (TCA) saturated with disodium EDTA was tared and
0.60 to 0.75 g of the kidney powder was added. Then the tube
was reweighed to determine the weight of the kidney powder
added. The mixture was centrifuged and the pellet was saved
for measurement of glutathione-protein mixed disulfides. One
aliquot of the supernatant was neutralized with 0.3 M Na2HPO4
and assayed for total glutathione. Another aliquot was reacted
with sufficient NEM to give a 90-fold excess of NEM to the
expected GSH concentration. The pH was adjusted to the range
of 6.1 to 6.5 by the addition of 2 M KOH, 0.3 M MOPS. NEM
was removed by five serial ether extractions using 4 volumes of
ether to I volume of sample. An aliquot of the aqueous layer
was passed sequentially through two Sep-Pak C18 cartridges
(Waters Associates; Milford, Massachusetts, USA). The eluate
from the second cartridge was assayed. Recovery of added
GSSG with this method was 97.1% 13.3% (N = 29). Autoxi-
dation of GSH with this method was determined to be less than
4 nmoles per 1000 nmoles of GSH added.
Glutathione-protein mixed disulfides were measured by the
method of Lou, Poulsen and Ziegler [12]. The acid-precipitated
pellet was resuspended in 0.3 M TCA and centrifuged. This was
repeated using methanol:ether. It was then treated with dithio-
threitol, glutathione reductase, and an NADPH-generating sys-
tem to reduce disulfides. After heating and pH adjustment, the
released GSH was measured with the recirculating assay.
Malondialdehyde was measured by a modification of the
HPLC method of Bird et at [131. Freeze-clamped kidney (0.5 to
0.75 g) was homogenized in 5 ml of argon-purged 60% acetic
acid saturated with butylated hydroxytoluene. The mixture was
centrifuged and an aliquot of the supernatant was reacted with
thiobarbituric acid at 70°C for 30 minutes. The pH was adjusted
to 4.0 to 4.5 with 4 N NaOH and the solution was centrifuged.
The supernatant was injected into a 20 p1 sample loop and
applied to a C18 reverse phase column (250 mm by 4.5 mm).
Solvents were methanol and an aqueous solution of the ion-
pairing agent hexadecyltrimethylammonium bromide (100 mgI
liter). A linear gradient of methanol from 30% to 100% over 16
minutes (flow rate 1.75 mlimin) was used to elute the malon-
dialdehyde-thiobarbituric acid derivative. Detection was by
absorbance at 532 nm. The malondialdehyde standard used was
tetramethoxypropane hydrolyzed in 0.1 N HCI.
Glutathione S-transferase activity was measured using 1-
chloro-2,4-dinitrobenzene (CDNB) as substrate [14]. Gluta-
thione reductase activity was measured as described before
[151. Selenium-dependent glutathione peroxidase activity was
measured using H202 as substrate and total glutathione perox-
idase was measured with cumene hydroperoxide as substrate
[6]. For these enzyme assays, kidneys were minced and homog-
enized at 4°C in 0.1 M potassium phosphate buffer, pH 7.5,
containing 5 mM disodium EDTA and centrifuged at 105,000 x
g for an hour. The supernatant was used for the assays. Protein
determinations were carried out by the Lowry method [161
using bovine serum albumin as the standard.
Statistics
Statistical analysis was performed using the unpaired t-test or
the Duncan Multiple-Range test. The "no clamp" values were
derived from the right kidneys which were contralateral to the
ones which had arterial occlusion. The no clamp values from
each of the four clamp conditions (Fig. 2) were compared. No
significant differences were found so the means of each group
were averaged to yield the no clamp values used (N = 4).
Chemicals
GSH, GSSG, NEM, and GSSG reductase were purchased
from Sigma Chemical Co., St. Louis, Missouri, USA. Diquat
dibromide was from Imperial Chemical Industries Ltd, Alderly
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FIg. 2. Kidney glutathione daring ischemia and reperfusion. Kidneys
were freeze clamped and analyzed for GSSG and GSH + GSSG as
described in methods. A presents data from selenium-replete rats and B
data from selenium-deficient rats. In the lower half of each panel the
filled circles represent GSSG concentrations (scale on the left) and the
open circles GSH + GSSG (scale on the right). Values are means (N =
4-7) and the bracket indicates one so. Points marked by an asterisk are
significantly different (P < 0.05) from the no clamp value by the
Student's 1-test.
Park, United Kingdom; and BCNU was from Bristol-Myers
Co., Syracuse, New York, USA. NADPH was purchased from
Boehringer Mannheim Biochemicals, Indianapolis, Indiana,
USA. All other chemicals used were of reagent grade.
Results
The effect of ischemia-reperfusion on kidney glutathione is
shown in Figure 2A. The upper panel shows the glutathione
redox ratio; 1.09% of the total glutathione in unmanipulated
kidneys was GSSG. Forty minutes of ischemia with no reflow
caused a 35% fall in total glutathione content (Fig. 2, lower
panel). GSSG decreased 59%, leading to a more reduced
glutathione redox ratio of 0.67. Reperfusion for five minutes
caused a sharp increase in GSSG with no significant effect on
total glutathione. At 5 and 10 minutes of reflow the glutathione
redox ratio indicated a more oxidized state than in the unma-
nipulated kidney or in the ischemic kidney. This finding sup-
ports the hypothesis that reperfusion after ischemia causes an
oxidant stress. The stress appears to be short-lived because the
glutathione redox ratio returned to the level found in the
unmanipulated kidney by 15 minutes of reflow.
The nature of the oxidant stress was studied using selenium-
deficient rats, Selenium deficiency caused a drop in kidney
glutathione peroxidase activity to less than 2% of control when
H2O2 was used as substrate, but only to 33% of control when
cumene hydroperoxide was used as substrate (Table I). This
demonstrates that kidney contains a substantial amount of
non-selenium-dependent glutathione peroxidase. Some of the
glutathione S-transferases are responsible for non-selenium-
Glutathione peroxidase
nmol NADPH/mg
protein 'mm
a. H202 as substrate
unmanipulated
ischemia/5 mm
reflow
BCNU-treated
b. cumene
hydroperoxide as
substrate
unmanipulated
Glutathione S-transferase
nmol CDNB conj/mg
protein mm
unmanipulated
ischemial5 mm reflow
BCNU-treated
GSSG reductase nmol
NADPH/mg protein mm
unmanipulated
ischemiaf5 mm reflow
BCNU-treated
Values are means so with N 5 except for BCN U-treated where
N = 4.
Pairs with same superscript a-j significantly different by unpaired 1-
test, P < 0.05.
dependent glutathione peroxidase activity [17], and selenium
deficiency caused an increase in glutathione S-transferase ac-
tivity (Table 1). Thus an oxidant stress consisting of H202 alone
would not be expected to increase the glutathione redox ratio in
a selenium-deficient kidney. Organic hydroperoxides, however,
could increase it via non-selenium-dependent glutathione per-
oxidase.
Figure 2B shows the effect of ischemia and reperfusion on
glutathione in the selenium-deficient kidney. Ischemia caused a
33% fall in total glutathione content similar to its effect in
selenium-replete kidney. GSSG fell a comparable amount so
that there was no change in the glutathione redox ratio. Reper-
fusion led to a rise in GSSG and in the glutathione redox ratio,
but the rise was much less than in the selenium-replete rats.
This suggests that H202 contributes to the oxidant stress of
reperfusion after ischemia.
The change in the glutathione redox ratio caused by reperfu-
sion, while significant, was numerically small. In order to assess
its quantitative significance, the effect of a strong oxidant stress
on the glutathione redox ratio was examined. Diquat, a redox-
cycling compound which causes the formation of 02 and H2O2
[181, was administered. The dose of diquat used was approxi-
mately the LD50 [19] and can be considered to produce a strong
oxidant stress. Diquat caused a rise in the glutathione redox
ratio 40 minutes after administration (Table 2) which was
slightly larger than that found during reperfusion after ischemia
(Fig. 2A). This suggests that the oxidant stress of reperfusion is
roughly comparable in magnitude, if not in duration, to the one
caused by diquat and is therefore a strong one.
In order to verify that diquat causes an oxidant stress in the
kidney, glutathione reductase was inhibited. Glutathione reduc-
tase activity in the kidney (Table 1) is much higher than in the
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Table 1. Enzyme activities in kidneys
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Table 2. Kidney glutathione and malondialdehyde following treatment with diquat and/or BCNU
GSH-protein
Treatment
GSSG GSH + GSSG mixed disulfides .Glutathione
redox ratio %
.
Malondialdehyde
nmol/g dry wtninol GSH equivalents/g dry wt
None 91 12 10,300 880 63 7.4 0.88 0.12 42 4.8
Diquat 187 29U 9,880 830 128 l3U 1.89 0.15a 46 14
HCNU 127 7 15,100 1500U 67 5.8 0.84 0.07 38 8.0
BCNU and diquat 7900 l800 16,300 2300U 2400 290 48.3 6.0k' 104 l1
Values are means SD, N = 4.
Significantly different from no treatment value by unpaired t-test, P < 0.05.
Treatment
Selenium-replete Selenium-deficient
in nmol GSH equivalents/g dry Wi
No clamp
Ischemialno reflow
lschemial5 mm reflow
Lschemiall0 mm reflow
Ischemiall5 mm reflow
59 5.8
29 0.8a
59 7.0
49 8.4
59 2.2
71 14
44 7.8a
68 1164 7.4
92 4.6a
liver and in most other organs [15]. As a consequence, the
kidney should be better able to maintain its glutathione redox
ratio in the face of oxidant challenge than those organs. An
inhibitor of glutathione reductase, BCNU, was administered
and glutathione was measured. Table 2 shows that BCNU
administration caused an increase in GSSG but there was a
comparable increase in total glutathione. Thus the glutathione
redox ratio was maintained even though glutathione reductase
activity was suppressed to less than 15% of control (Table 1).
Administration of diquat to BCNU-treated rats led to a sharp
increase in the glutathione redox ratio to almost 50%. This
demonstrates that diquat can enter the kidney and cause an
oxidant stress.
Glutathione is linked with other thiols in the cell through
thioltransferases. Changes in the glutathione redox ratio have
been postulated to have regulatory effects [201. Table 3 shows
the effect of ischemia and reperfusion on glutathione-protein
mixed disulfides in the kidney. They decreased with ischemia
and rebounded with reperfusion but, except for the 15 minute
time-point in the selenium-deficient kidney, did not increase to
the same extent as GSSG. Table 2 shows that diquat treatment
increased kidney glutathione-protein mixed disulfide content.
Lipid peroxidation, which can lead to cell dysfunction or
death, is often caused by oxidant stress. Malondialdehyde was
measured in the freeze-clamped kidneys to assess the occur-
rence of lipid peroxidation. Table 4 shows that no increase was
detected in selenium-replete kidneys as a result of ischemia and
reperfusion. Neither was an increase found after treatment with
diquat alone (Table 2). However, diquat administration to
BCNU-treated rats caused an increase in kidney malondial-
dehyde. A slight increase in malondialdehyde was detected in
selenium-deficient kidneys after 15 minutes of reflow.
Table 4. Kidney malondialdehyde content following ischemia and
reperfusion
No clamp 4
Ischemialno reflow 5
lschemial5 mm reflow 4
Ischemiall5 mm reflow 4
Discussion
The results of this study indicate that reperfusion after
ischemia causes an oxidant stress in the kidney. This conclu-
sion is based on a shift in the glutathione redox ratio to a more
oxidized value during reperfusion. Close scrutiny of Figure 2
reveals several differences between selenium-replete and sele-
nium-deficient kidneys which help to characterize the stress.
Ischemia caused a fall in the glutathione redox ratio from 1.09 to
0.67 in selenium-replete kidneys but caused no fall in selenium-
deficient ones. This implicates the selenium-dependent gluta-
thione peroxidase in the production of that fraction of GSSG
lost with ischemia. Reperfusion led to a much greater increase
in the glutathione redox ratio in the selenium-replete kidneys
than in selenium-deficient ones. The most direct explanation for
this is the difference between the glutathione peroxidase activ-
ities in these groups. The selenium-replete kidneys contained
selenium-dependent glutathione peroxidase, which can metab-
olize H202 and organic hydroperoxides; whereas selenium-
deficient kidneys only have the non-selenium-dependent gluta-
thione peroxidase, which cannot metabolize H202. Thus, the
present findings would be expected if the primary peroxide
generated during reperfusion were H202. It would oxidize GSH
to GSSG directly through the selenoenzyme; and it could be
expected to react with other cell constituents in the selenium-
deficient kidney, forming substrates for the non-selenium-de-
pendent glutathione peroxidase. These results then support the
hypothesis that reperfusion leads to the production of 02 and
H202 [1].
No means have been devised to assess the rate at which
GSSG is formed in the cell. However, if the assumption is made
that GSSG-reducing capacity remains the same, the glutathione
redox ratio should be proportional to the GSSG formation rate.
Table 3. Kidney glutathione-protein mixed disulfide content
following ischemia and reperfusion
Values are means SD, N = 4.
U Significantly different from no clamp value by Duncan's multiple-
range test, P < 0.05.
Selenium-replete
N nmol/g drywt
71 5.9
69 7.7
65 9.5
73 20
Selenium-deficient
N nmol/g dry Wi
67±9.5
4 72±15
4 71±20
5 94± IIU
Values are means SD.
a Significantly different from no clamp value by Duncan's multiple-
range test, P < 0.05.
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Administration of diquat, a potent generator of 02 and H202,
raised the ratio from 0.88 to 1.89. Reperfusion after ischemia
raised it from 0.67 to 1.68. The rise during reperfusion was
similar to the rise after diquat. We interpret this to indicate a
marked increase in GSSG formation rate during reperfusion but
cannot quantitate it except in reference to the diquat results.
Thus, our findings provide direct semiquantitative evidence to
support the hypothesis that ischemia and reperfusion causes a
large oxidant stress in the kidney.
Oxidant stress can lead to tissue injury. Oxidant species
damage proteins, nucleic acids, lipids, and other cell constitu-
ents. In recent years attention has been focused on lipid
peroxidation as a mechanism of tissue injury by oxidant stress.
Measurement of lipid peroxidation in vivo is very difficult. Its
products can be metabolized [21] and also can be carried away
by the blood. Moreover, lipid peroxidation can occur in tissues
after removal from the animal. Thus, if special techniques such
as freeze clamping are not employed, in vivo lipid peroxidation
may be overestimated.
In spite of these problems, detection of substances such as
malondialdehyde can indicate the occurrence of lipid peroxida-
tion. Failure to detect malondialdehyde does not exclude the
occurrence of some lipid peroxidation, however. Thus, our
failure to detect an increase in malondialdehyde in the reper-
fused selenium-replete kidney indicates that the defenses of the
kidney were able to suppress lipid peroxidation to a level
undetectable by our method. While we were unable to link the
occurrence of oxidant stress with lipid peroxidation, other
types of oxidant injury could have occurred. In fact there is
considerable evidence linking oxidant stress with renal injury.
Paller and colleagues have shown that treatment of rats with
superoxide dismutase or allopurinol will attenuate ischemic
renal injury [2]. They detected malondialdehyde in kidneys
after 15 minutes of reflow. However, they used a technique in
which kidneys were not rapidly frozen after removal. This
might have allowed lipid peroxidation to occur in vitro. Their
method also did not employ a step to separate the malondial-
dehyde-thiobarbituric acid adduct from potential interfering
substances. This might account for their generally higher values
for kidney malondialdehyde.
More recent results from the same group report an increase in
ethane exhalation by rats during reperfusion of ischemic kidney
[22]. Ethane is a peroxidative breakdown product of o-3poly-
unsaturated fatty acids and is used as a marker for lipid
peroxidation. Thus, this report may indicate that reperfusion
leads to an increase in lipid peroxidation. However, it has
recently been shown that the yield of ethane from a given
amount of lipid peroxidation varies inversely with the oxygen
tension at the site of peroxidation [231. Therefore, the increase
in ethane exhalation could have been caused by a lower oxygen
concentration in the kidney during early reperfusion leading to
a greater yield of ethane rather than by an increase in lipid
peroxidation. Thus, further study is needed to establish whether
lipid peroxidation increases during reperfusion.
Further evidence that oxidant defenses are important in
protecting against reperfusion oxidant stress was obtained from
experiments on selenium-deficient rats. When glutathione per-
oxidase activity was depressed by selenium deficiency, reflow
led to an increase in kidney malondialdehyde (Table 4). It
should be noted, however, that selenium-deficient and control
values were not significantly different from one another. This
raises the possibility that impairment of oxidant defenses could
lead to increased injury of the kidney by the oxidant stress.
An additional finding of the present experiments was that
ischemia caused a decrease in kidney glutathione (Fig. 2). The
decrease took place before reflow occurred and thus could not
have been due to oxidant stress. Glutathione turnover in the
kidney is very rapid [24], and ATP is needed for glutathione
synthesis. Decreased ATP production is a likely cause for the
fall in glutathione concentration. This decrease in glutathione
could make the ischemic kidney more susceptible to chemical
injury.
Treatment of the rat with BCNU inhibited kidney glutathione
reductase to 14% of control (Table I) and was associated with a
40% increase in kidney GSSG. There was also a 47% increase in
GSH + GSSG. Thus, the glutathione redox ratio was main-
tained in the face of this marked inhibition of glutathione
reductase. This supports suggestions that maintenance of this
ratio is important [20].
In conclusion, these studies have used the redox pair GSH:
GSSG to examine oxidant stress during reperfusion of ischemic
kidneys. The results support the hypothesis that a large oxidant
stress is generated by reperfusion and are consistent with that
stress being largely in the form of 02 and H202.
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